Three gold(I) saccharinate complexes of the type M[Au(Sac) 2 ] (M = Na, K and NH 4 ) have been prepared by treatment of Au(tht)Cl (tht = tetrahydrothiophene) with saccharine and MOH in MeOHacetone. The compounds are very stable in the solid state but moderately soluble and of limited stability in water. Single crystal X-ray diffraction analysis of the three compounds revealed a linear coordination of the gold atom by the two N-bonded saccharinato ligands. For M = Na, the two heterobicyclic ligands are roughly coplanar with a cis orientation of the two carbonyl groups which allows for a chelation of the sodium cation. For M = K, NH 4 , the ligands form large dihedral angles with a trans orientation of the donor sites out of which the potassium cations are coordinated in bridging positions between neighboring anions, and the ammonium ions are hydrogen-bonded, respectively.
Introduction
Solubility in water is a highly desirable property for metal complexes involved in industrially important processes, both from an economic and an environmental point of view. In gold chemistry recent successful applications of both gold(I) and gold(III) complexes in homogeneous catalysis [1] , as well as in chrysotherapy [2] , have spurred interest in watersoluble species. For any scale-up from laboratory to industrial processes in the former, and for optimum biocompatibility in the latter, solubility and long-term stability in water as a solvent at ambient or slightly elevated temperatures are almost indispensable. In addition, established processes such as gold electroplating and electroforming are currently on trial because they rely heavily on the usage of environmentally precarious gold sources, mainly cyanides [3] . Cyanides are also the prime reagents in the mining industry for the recovery of gold from ores, and for gold recycling [4] . Water-soluble gold complexes are preferred reagents for the deposition of gold-microbumps on silicon wafers using organic photoresists for pattern for-0932-0776 / 08 / 0900-1027 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com mation [5] . As a consequence, search for environmentally benign, non-toxic, water-soluble gold complexes is currently a matter of great concern in most of the gold-handling industries.
As part of a program aimed at the development of water-soluble non-cyanide gold(I) complexes for gold electroplating applications, a series of disaccharinate complexes was now synthesized and their solution and structural properties investigated.
Saccharin (SacH), itself, does not coordinate to metal ions, but its deprotonated form (saccharinate = Sac) readily forms a great variety of complexes with a large number of metal ions [6] . As far as we are aware, only two saccharinate gold(I) complexes, both heteroleptic, have been known, namely [Au(PEt 3 )-(Sac)] [7] and [Au(IPr)(Sac)], [IPr = bis(2,6-diisopropylphenyl)-imidazol-2-ylidene] [8] . An X-ray structure determination of the latter compound showed Ncoordination (η 1 ) of the saccharinate ligand to the gold atom.
Na 
Experimental Section

General information
All starting materials were used as received from commercial sources. (Tetrahydrothiophene)gold(I) chloride, Au(tht)Cl, was prepared according to a literature method [10] . Elemental analysis was performed with a Perkin-Elmer Elemental Analyzer 240B by Mr. A. Canu (Dipartimento di Chimica, Università di Sassari). Conductivity measurements were performed with a Philips PW 9505 conductometer. Infrared spectra were recorded with a Jasco FT-IR 480 Plus spectrophotometer using Nujol mulls. UV/Vis spectra were recorded on a Hitachi U-2010 spectrometer. 1 H NMR spectra were recorded on a Varian VXR 300 spectrometer operating at 299.9 MHz.
Preparation of Na[Au(Sac) 2 ], 1
A freshly prepared solution of saccharin (366.3 mg, 2 mmol) and NaOH (80 mg, 2 mmol) in 30 mL of CH 3 OH was slowly added to a stirred suspension of Au(tht)Cl (320.6 mg, 1 mmol) in 30 mL of acetone. The resulting suspension was stirred for 30 min at r. t., until a colorless solution was obtained; this was evaporated to dryness under reduced pressure and the residue extracted with acetone and filtered over Celite. The colorless filtrate was concentred to a small volume and diethyl ether added to give a white precipitate of 1: 479 mg (82 %). M. 
Structure determinations
Crystals suitable for X-ray diffraction of 1, 2, and 3 were obtained by slow diffusion of diethyl ether into an acetone solution of the complexes. The crystalline samples were placed in inert oil, mounted on a glass pin, and transferred to the cold gas stream of the diffractometer. Crystal data were collected using an Oxford Xcalibur TM 3 system with monochromated MoK α radiation (λ = 0.71073Å) at 143 K. The structures were solved by Direct Methods (SHELXS-97) and refined by full-matrix least-squares calculations on F 2 (SHELXL-97). Non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms in compounds 1 -3 were located and refined isotropically, except for C-H atoms in compounds 2 and 3, which were refined using a riding model with fixed isotropic contributions, and the O-H hydrogen atoms in compound 2, which were found and hold constant in further refinement cycles. Further information on crystal data, data collection and structure refinement are summarized in Table 1 . Important interatomic distances and angles are shown in Table 2 .
CCDC 695216 (1), 695217 (2) and 695218 (3) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac. uk/data request/cif.
Results and Discussion
Preparation
Complexes M[Au(Sac) 2 ] (M = Na, 1; K, 2; NH 4 , 3) were obtained as white microcrystalline, nonhygroscopic solids by the reaction of Au(tht)Cl with two equivalents of M[Sac] in MeOH-acetone, followed Table 1 . Crystal data, data collection and structure refinement parameters for compounds 1 -3. Ω −1 cm 2 mol −1 in acetone, smaller than the 118 -131 Ω −1 cm 2 mol −1 and 100 -140 Ω −1 cm 2 mol −1 expected for 1 : 1 electrolytes in water and in acetone solution, respectively [11] . This is likely due to ion-pair formation promoted by hydrogen bond interactions between the NH 4 cation and the saccharinate anions in the case of complex 3, or by coordination (or even chelation) of the metal cation M + by the oxygen atoms of the ligands coordinated to the gold atom [12] in the case of 1 and 2 (see below).
Complexes 1 -3 are moderately soluble in water: at r. t. (21 • C) the solubility ranges from 0.67 mg mL −1 for complex 3 to 1.25 mg mL −1 for complex 1, while at 70 • C it is ca. 9 mg mL −1 for all complexes; the pH values of the aqueous solutions are 5.2 for 1, 3.3 for 2, and 2.7 for 3. The solubility at r. t. is 6 -7 times higher in acetone and MeCN than in water.
The solution behavior of 1 -3 in different solvents was analyzed by absorption UV/Vis spectroscopy. Electronic spectra of the three complexes and of the Sac − anion are shown in Fig. 1 . In aqueous solution, the Sac − anion exhibits two main absorption bands at λ max = 220 nm (ε = 10,166 L mol −1 cm −1 ) and 268 nm (ε = 1628 L mol −1 cm −1 ) which are assigned to the intraligand L → L * transitions; the first band is very slightly shifted upon coordination only in complex 1 (to 216 nm), while the second band is red-shifted to 273 nm in 1, and to 276 nm in 2 and 3; spectra of 2 and 3 are almost superimposable. The ε values of the two bands for complex 1 are higher than those of 2 and 3, and significantly higher than those for the Sac − anion (for 1: ε = 26,637 and 6910 L mol −1 cm −1 ). There is little effect of the solvent on the λ max value of the two bands, as similar UV/Vis spectra were recorded e. g. for solutions of 1 in CH 3 CN (Fig. 2) .
The stability of the complexes towards disproportionation in water was evaluated by UV/Vis spectroscopy monitoring a solution of 1 (1 × 10 −4 M) over a period of 48 h at 21
• C. A moderate, progressive decrease in intensity of the band at 273 nm was observed: after 24 h the concentration of the complex was reduced by 28 %, after 48 h by 35 %. A concomitant increase in intensity of the broad band around 550 nm due to the formation of metallic gold as a mirror at the walls of the vessel and as small deep-colored particles was observed. The resulting time-dependent spectral profiles for these degradation processes, mainly the (Fig. 4) are aggregated to centrosymmetrical dimers (two of which are shown), which are connected via hydrogen bonds involving the water molecules. Note that the sodium cations are pentacoordinated. disproportionation of gold(I) to gold(0) and gold(III), are shown in Fig. 3 .
Structural characterization
The three compounds crystallized from aqueous acetone solutions upon slow diffusion of diethyl ether at ambient temperature, 1 as an acetone solvate monohydrate, and 2 and 3 as monohydrates. The crystals have different crystal systems and space groups (1: triclinic, P1, Z = 2; 2: orthorhombic, Fdd2, Z = 16; 3: monoclinic, P2 1 /n, Z = 8).
All three structures contain bis(saccharinato)aurate(I) anions with the saccharinato ligands N-η 1 bonded to the linearly two-coordinated gold atom (Figs. 4, 6 and 8) . The bicyclic ring systems of the ligands are virtually planar, but the planes of the two ligands at each gold atom are roughly coplanar only in the crystals of complex 1. The corresponding dihedral angles for 2 and 3 are as high as 43.3 • and 31.0 • , respectively. Moreover, the ligand pair in 1 has the cis orientation, while the ligand pairs in 2 and 3 have the trans orientation.
In the crystals of 1 the sodium cations are attached to the carbonyl oxygen atoms of the two saccharinate ligands of one anion to form a chelate ring (Fig. 4) in which the Na1···O5/O6 contacts are almost equal [2.419(2) and 2.435(2)Å, respectively]. By contrast, in the crystals of 2 the potassium cation is attached to two saccharinato ligand carbonyl oxygen atom of two different anions at significantly different distances [K1-O5 2.689(9), K1-O6D 2.920(9)Å] (Fig. 6, Table 2 ). The coordination sphere of the sodium cation in crystals of 1 further contains the oxygen atoms of the water (O8) and acetone molecules (O7) and of a sul- fone group of another anion (O4A) to give coordination number 5 with the geometry of a distorted trigonal bipyramid.
The potassium atom in crystals of 2 is hexacoordinated with a distorted octahedral geometry generated by three sulfone oxygen atoms of two different ligands (O1A, O2B, O3C), and one water molecule (O8), in addition to the two carbonyl oxygen atoms (O5, O6D). These interionic contacts give rise to the formation of centrosymmetrical dimeric units of compound 1 which are further aggregated into strings of such dimers via hydrogen bonding between the coordinated water molecules (H 2 O8) and sulfone oxygen atoms O1 and O3 (Fig. 5) .
In crystals of compound 2 the connectivity pattern leads to one-dimensional stacks of ion pairs in which no smaller oligomers can be distinguished. Relevant metal-oxygen distances are listed in Table 2 . The water molecules of the monohydrate are engaged in hydrogen bonding with the sulfone oxygen atoms O3 and the carbonyl oxygen atoms O6 of two different anions establishing additional connectivities between the cations and anions (Fig. 7) .
In crystals of compound 3 the ammonium cation is entertaining hydrogen bonds via all four of its hydrogen atoms with one carbonyl oxygen atom and four sulfone oxygen atoms of different saccharinato ligands, and with one water molecule. The water molecule is further engaged in hydrogen bonds with two carbonyl and one sulfone oxygen atoms of saccharinato ligands. These N-H···O and O-H···O distances (D···A) are all in the range from 2.845 to 2.975Å. The connectivity pattern can be described as a hydro-gen bonding network along and between columns of hydrated pairs (Figs. 8, 9 ). Further details of hydrogen bonds in compounds 1 -3 are listed in Table 3 .
Conclusion
The present work has shown that a series of homoleptic di(saccharinato)gold(I) complexes M[Au-(Sac) 2 ] with different cations M can be prepared in high yields by conventional processes and from convenient precurors. The products can readily be crystallized from acetone or mixed solvents as hydrates (M = K, 2; M = NH 4 , 3) or solvate hydrates (M = Na, 1). The crystalline materials are stable in air at ambient temperature, but light-sensitive upon long-term storage. However, the solubility and stability of the salts in water is limited (a few grams per liter), and slow decomposition is observed, in particular if the pH of the solutions deviates significantly from neutrality, and at elevated temperatures. For any potential applications, e. g. for electrolytic or electroless deposition of gold, the stability would have to be improved through either suitable substitution of the ligands, introduction of other cations M, or the choice of a solvent systems which can rise further the solubility and lend improved stability to the solutions.
In the structural studies it has been shown that the saccharinato ligand becomes attached to the gold(I) center exclusively via the nitrogen atom. The dihedral angle between the two saccharinato ligands is obviously very variable, and cis coplanar (1) and almost perpendicular (3) conformations can be adopted depending on the nature of the counterion M. Chelation of M based on the coplanar cis conformation is possible for small cations (1), but bridging of anions by metal coordination is probably more common for larger cations (2) .
The structures of the compounds Na[E(Sac) 2 ] with E = Au (1, this work) and Ag [9a] are very similar in that both complexes are arranged in centrosymmetrical dimers in which for each anion the ligands are in a coplanar cis arrangement with the carbonyl oxygen atoms coordinated to the sodium atom. On the other hand, there is also a significant difference in that the gold atoms are in an almost ideal linearly two-coordinated state while the silver atoms are threecoordinate owing to a significant contact to a sulfone oxygen atom of the symmetry-related unit. It should be noted, however, that the crystals of the silver compound are anhydrous whereas crystals of the gold compound contain water and acetone solvate molecules.
In conductivity studies in aqueous and acetone solutions it has been demonstrated that the metal chelation/coordination is retained at least in part even at high dilution suggesting the presence of ion pairs. In the crystals of 1 (M = Na), dinuclear units with a crystallographically imposed center of inversion are present, while in 2 (M = K) the ionic components are assembled in columns. In the crystalline hydrates/solvates of 1 and 2, and even more so of 3 ( M = NH 4 ), hydrogen bonding between the water molecules and ammonium cations as donors and the carbonyl and sulfone oxygen atoms of the saccharinato ligands as acceptors lends further support to the stability of the crystal lattices.
